The present review highlights the recent applications of mid-infrared spectroscopy and in particular of diffuse reflectance spectroscopy (DRIFT) and attenuated total reflectance (ATR) and processing methods (e.g., deconvolution, derivative and chemometrics) to rapidly provide valuable information on soil composition and organic geochemistry. Research has demonstrated that both DRIFT and ATR techniques can be considered useful tools for the analysis of a large number of soil samples, giving not only typical spectral patterns but permitting an accurate prediction of quantitative parameters such as, e.g., total carbon, total nitrogen, C/N ratio, lignin, dissolved OC, carbonyl-C, aromatic-C, O-alkyl-C, and alkyl-C contents. Based on literature results, infrared spectroscopy can be recognized as one of the most promising analytical techniques for investigating soil science.
Introduction
The most direct way to study the vibrational states of a molecule is through midInfrared (MIR) spectroscopy. The MIR can identify the kind of molecular motions and bonds or functional groups present in the sample, since each frequency corresponds to a given amount of energy and a specific molecular motion (e.g. stretching, bending, etc.), so permitting to characterise complex systems as soil components. The spectrum obtained can be considered as a fingerprint of a specific compound in the examined system; in fact, the frequency of a functional group is quite specific and independent of a specific molecule. The intensity of each band is related to the change in the electrical dipole moment of the bond during the vibration, so the bonds with higher changes in the dipole moment (e.g., O-H, N-H, C=O, C-O) will give higher intensity bands relative to the other bonds (Griffiths and De Haseth, 2007) . In addition, the intensity of a band is affected by the concentration of the functional group or its abundance in a mixture of compounds. In this way, MIR can be used as a quantitative technique, assuming that the dipole moment-related "response factor" is taken into account (Griffiths and De Haseth, 2007) . MIR spectroscopy has frequently been applied to investigate soil properties and soil organic matter (SOM) characteristics (Aguiar, et al., 2013; Bellon-Maurel and McBratney, 2011; Calderon, et al., 2011a Calderon, et al., , 2011b Demyan, et al., 2012; Du and Zhou, 2009; Francioso, et al., 2009; Haberhauer and Gerzabek, 1999; Kaiser, et al., 2011) . Currently, the combination of multivariate statistical methods used for the Fourier Transform IR (FTIR) spectra analysis has provided a powerful method for the discrimination and identification and/or quantification of single components in soils (Aguiar, et al., 2013; Bellon-Maurel and McBratney, 2011; Bornemann, et al., 2010; Calderon, et al., 2011a Calderon, et al., , 2011b D'Acqui, et al., 2010; Fernandez-Getino, et al., 2013; Janik, et al., 2007a Janik, et al., , 2007b Ludwig, et al., 2008; Minasny, et al., 2008; Pirie, et al., 2005; Reeves III, 2010; Stumpe, et al., 2011; Tatzber, et al., 2010; Viscarra Rossel, et al., 2006; Yang, et al., 2012) . The representation of MIR spectra is not uniform in the literature. Usually, the absorption spectrum is presented as a transmittance )) ( / ) ( ) ( ( 0 ν ν ν
spectrum, where I(ν) is the spectrum (i.e. the dependence of intensity on frequency) of the sample and I(ν 0 ) is the spectrum of the background. Direct transmission is applicable only to samples that do not absorb all the incoming IR energy. For most samples, such as soil or soil organic matter (SOM), it is necessary to prepare a pellet where the sample is mixed with alkali halides (NaCl, KCl, KI and KBr), non IR-absorbing materials. The pellet is prepared by grinding 1-2 mg of sample with about 200 mg of alkali halide in a mortar and by using a hydraulic press to create a thin disk. This technique yields a very clear signal, but requires a long preparation and few mg of sample for each pellet.
Diffuse reflectance infrared Fourier Transform (DRIFT)
This technique was introduced by Nguyen, et al. (1991) for studying soil chemical composition and was subsequently used to investigate SOM and the chemical composition of humic substances, as well as the effect of amendment practice on soil (Aguiar, et al., 2013; Calderon, et al., 2011a Calderon, et al., , 2011b Demyan, et al., 2012; Ellerbrock, et al., 2009; Ferrari, et al., 2011; Janik, et al., 2007a; Kaiser, et al., 2007; Leue, et al., 2010; Ludwig, et al., 2008; Minasny, et al., 2008; Reeves III and Smith, 2009 ). It has also been applied to study many other agricultural related aspects such as the composition of different coal ranks (Chen, et al., 2012; Li, et al., 2010) and their soluble SOM fraction (Gezic, et al., 2012; Ghosh, et al., 2009) , the chemistry of waste and compost materials (Huber-Humer, et al., 2011; Salati, et al., 2013; Smidt and Meissl, 2007) , the decomposition processes of forest litter (Duboc, et al., 2012; Nault, et al., 2009; Osono, et al., 2011; Tatzber, et al., 2010) , the chemical structure of pyrogenic organic matter (OM) Nocentini, et al., 2010) and the behaviour of chemical compounds adsorbed on clays (Aochi and Farmer, 2011; Dorado, et al., 2010) . The principle of the technique is based on the scattering of the incident light in all directions when it is absorbed by powders and/or a rough surface. A part of the incident radiation is reflected at the solids surface to produce Fresnel reflectance (mirror-like), while another part goes through the sample, interacts with it and remerges in many directions. Absorption and scattering of light in many directions by a sample is known as diffuse reflectance (Griffiths and Fuller, 1982) . The description of diffuse reflectance (R∞) of an "infinitely thick" layer is represented in the Kubelka-Munk (K-M) equation (1):
where R∞ is the absolute reflectance of the layer, s is a scattering coefficient, and k is the molar absorption coefficient. In practice, the diffuse reflectance of a sample is measured with respect to non-absorbing standards, such as KBr or KCl. Therefore, R∞ in equation (1) may be replaced by R'∞ where
The Kubelka-Munk (KM) theory predicts a linear relationship between the molar absorption coefficient, k, and the peak value of f(R∞) for each band, provided s remains constant. Since s depends on the size and range of the particles, the K-M function can be used for accurate quantitative analysis. In the case of dilute samples in non-absorbing matrices, the absorption coefficient (k) is associated with sample absorptivity, a (at a given frequency) and concentration (c):
Therefore, substituting Eq. (2) into Eq (1) and the value of k, Eq. (4) can be obtained for the relative diffuse reflectance:
Care must be taken in applying the K-M equation when R∞ is lower than about 30%, since when the sample concentration is high, deviations from linearity can occur. Moreover, this equation is valid if the Fresnel's reflectance is negligible and if the scattering coefficient remains constant as the concentration varies (Griffiths and Fuller, 1982) . A high Fresnel's reflectance produces anomalous band dispersion for high absorptivity bands. In soil, this last effect, mainly related to soil structure, is particularly important because soil structure and particle size can vary greatly and can therefore affect the spectrum (Richter, et al., 2009 ). Fresnel's reflectance can be minimized or eliminated by grinding and diluting the sample with non-absorbing powder (KBr, KCl, Ge or Si). However, the use of alkali halides can cause interferences due to ion exchange between the sample and the KBr or to the adsorption of water onto the KBr. Stumpe, et al. (2011) analyzed the effects of 180 well-characterized soil samples that were ground for different times (0, 2 or 4 minutes) and then used for DRIFT measurements. The results indicated that spectral information were better achieved for lightly ground (2 minutes) soil samples compared with intensively ground (4 minutes) or unground samples. The grinding procedure did not affect the clay minerals spectra whilst the quartz and soil organic carbon (SOC) spectra were modified. The geometry of intact structural soil surfaces was also investigated by Leue, et al. (2010) . They tried to develop an approach to correct for surface geometry effects. The objectives were to analyze the effects of particle size, porosity, and specific surface shapes on the DRIFT signal intensity. The spectra were obtained from differently textured quartz samples and from gypsum blocks with defined surface shapes as models for soil porous systems. The measured DRIFT signal intensity, as well as the resolution and the simulated reflectance, decreased with increasing particle size.
Attenuated total reflectance (ATR)
ATR is applied for the investigation of SOM (Artz, et al., 2008; Cecillon, et al., 2012; Delarue, et al., 2013; Gezic, et al., 2012; Li, et al., 2010; Neves-Fernandes, et al., 2010; Tremblay, et al., 2011; Vergnoux, et al., 2011) or when ions, like nitrate, ammonium etc., are assayed in soil (Du and Zhou, 2009; Jahn, et al., 2006) . This technique ensures a direct analysis of undiluted opaque samples in a highly reproducible way (Tremblay, et al., 2011) , permitting band intensities to remain within a linear range. With this accessory, the IR radiation propagates through a crystal with a high refractive index, allowing the radiation to be reflected within the ATR element one or several times (Madejova, 2003; Sorak, et al., 2012) . The sample is pressed into intimate contact with the top surface of the crystal (germanium, ZnSe and diamond). The IR radiation from the spectrometer enters the crystal, is then reflected through it and penetrates a finite amount "into" the sample, with each reflection along the top surface via the so-called "evanescent" wave (Linker, 2011) . At the end of the crystal the beam is directed back into the normal path beam of the spectrometer. To obtain an internal reflectance, the incidence angle must be beyond the 'critical angle', which is a function of the real parts of the refractive indices of both the sample and the ATR crystal:
where n 1 is the refractive index of the sample and n 0 that of the crystal. The evanescent wave exponentially decays into the sample with the distance from the crystal surface, over a distance of the order of microns. The depth of the evanescent wave (d) penetration:
is defined as the distance from the crystal-sample interface where the intensity of the evanescent wave decays to 37% of its original value and λ is the wavelength of the IR radiation. In the case of a ZnSe crystal (n 0 = 2.4), the penetration depth at 1000 cm -1 for a sample with a refractive index of 1.5 is estimated to be 2.0 µm if the angle of incidence is 45°. In the same conditions, for a Ge crystal (n 0 = 4.0), the penetration depth is about 0.664 µm. The penetration depth and the total number of reflections along the crystal can be controlled either by varying the angle of incidence or by changing the crystal. The diamond ATR crystal is considered to be the best material to record spectra of hard samples since it cannot be scratched, which results in no performance degradation. The choice of the method, transmission (e.g. KBr-pellet), DRIFT or ATR, depends on parameters such as the sample size, the information needed (bulk versus surface analysis) or the time required for the sample preparation. Currently, the improved design of DRIFT accessories has made this technique widely used for studying soil compounds (Aguiar, et al., 2013; Calderon, et al., 2011a Calderon, et al., , 2011b Demyan, et al., 2012; Ellerbrock, et al., 2009; Francioso, et al., 2009; Leue, et al., 2010; Ludwig, et al., 2008; Minasny, et al., 2008) ; ATR is also now being widely used (Artz, et al., 2008; Gezic, et al., 2012; Neves-Fernandes, et al., 2010; Vergnoux, et al., 2011) .
Data processing
The improved performances of FTIR spectrometers in terms of high signal-to-noise ratios, high data acquisition speed, specificity and reproducibility, make this technique an important tool for fast and cheap analyses of a large number of soil samples (Reeves III and Smith, 2009) . In this context, mineral compounds and/or specific functional groups have been identified (Madejova, 2003; Tremblay, et al., 2011) . However, the SOM or humic substances display a combination of complex multi-component bands which overlap into a broad unresolved absorption. The individual component absorptions from condensed phase spectra hidden within a broad band cannot be resolved by increasing spectral resolution. The critical point is how to identify single functional group vibrations or the presence of well defined molecular structures. Normalization, baseline correction and smoothing are the first steps to process a spectrum (Demyan, et al., 2012; Du and Zhou, 2009; FernandezGetino, et al., 2013; Ludwig, et al., 2008; Tatzber, et al., 2010; Vegnoux, et al., 2011) .
Spectral subtraction
Spectral subtraction is commonly used when a compound is present in a mixture. If the interaction between the components results in a change in the spectral properties of either one or both of the components, the changes can be observed in the difference spectra. Cox, et al. (2000) proposed the spectral subtraction for forensic analysis of SOM. In this method, soil is heated to combust the OM present in the soil and leaving the mineral component. By subtracting the FTIR spectrum recorded after combustion from that of untreated soil, it could be possible to acquire the so-called FTIR spectrum related to SOM present in soil ( Figure 1 ). The method was considered simple and promising in routine analysis of SOM in different organomineral samples (Calderon, et al., 2011a (Calderon, et al., , 2011 Kaiser, et al., 2011; Reeves, et al., 2005) . On the other hand, the spectral subtraction is a subjective procedure because the best endpoint for the subtraction factor is arbitrarily determined. Spectral subtraction can also give spectral distortions, resulting in lower confidence for the user. 
Spectral derivatives
Second derivative IR spectrum can obviously enhance the spectral resolution and amplify tiny differences in IR spectra. Many differences invisible in FTIR spectra such as frequency position, information on the width and the maximum absorption intensity become clearer (Abdulla, et al., 2010; Griffiths and De Haseth, 2007) . For example, the SOM spectra in the 1800-800 cm −1 region are very broad and exhibit many shoulders, indicating the presence of overlapping bands close in frequency ( Figure  2 ). Therefore the structural information is hidden under these broad bands. Applying the second derivative to the SOM spectra, it is possible to obtain the resolution of each broad band into sharper downward pointing bands and the identification of the exact band frequency (Figure 2 ) with respect to the original spectra (Ferrari, et al., 2011) . However, an accurate determination of the bandwidth from the maxima in the second derivative is complicated, due to the presence of neighbouring peaks. Despite this inaccuracy, the obtained parameters can be used as input parameters for a fitting procedure.
Curve fitting
The spectral analysis of SOM and humic substances frequently results in a poorly resolved spectrum, due to the existence of highly overlapped and hidden peaks. Therefore, it is not possible to assign specific peaks to the vibrations of specific functional groups. In such cases, the application of the original algorithm of nonlinear peak fitting (Marquardt, 1963) can not only resolve the individual component bands, but may also make it possible to calculate the area under each of the individual bands (Griffiths and De Haseth, 2007) . Therefore, curve-fitting analysis has become an important tool for qualitative and quantitative analysis of IR spectra. There are two essential input parameters for curve-fitting analysis: the number of component bands and their positions. (Ferrari, et al., 2011) . Spectra were processed with the second-order Savitzky-Golay method with 10 convolution points used to generate the second derivative of the spectra.
The focal point is to define the number of component bands really present in a broad band. It should be emphasized that to determine the number of component bands, one must be very careful to not over fit the absorbance by adding too many component bands; Fourier Self-Deconvolution (FSD) may be applied to determine the component bands and their positions with some curve-fitting software. FSD involves a certain degree of subjectivity because the operator must input two parameters: for example, the half-width at half-height and the resolution enhancement factor. Curves can also be decomposed into Gaussian, Voigt or Lorentzian functions. Three criteria are required to consider the curve-fitting acceptable. First, the lowest RMS (root-mean-square) value obtainable has to be reached. Acceptable RMS values are usually of magnitude 10 −5 for spectra with maximum absorbance values in the 0.05-0.09 range. Otherwise instead of the RMS, χ 2 can be evaluated to determine the best nonlinear fit, since it includes the effects of adding more parameters to the model. Second, the below and above fits should converge on the same model. Third, the second derivative of the composite sums should overlie the second derivative of the original spectra. Only when all three of the above criteria were met, was the curve-fitting result considered acceptable. An application of curve fitting was made for the direct analysis of charcoal fractions (Francioso, et al., 2012) . The best goodness-of-fit, measured by the χ 2 parameter, was obtained with a pure Gaussian function (Figure 3) . The study confirmed the importance of considering any hidden and overlapped peaks in the charcoal spectrum, in order to better quantify the changes caused by wildfire on SOM.
Figure 3 -DRIFT spectra of the charcoal from a burnt Pinus pinea forest collected 2 weeks after a severe wildfire and then it was separated in three size fractions (ø 2-1 mm, ø 1-0.5 mm and ø < 0.5 mm). Curve peak fitting was performed to fit the overlapping normal modes in the spectra (Francioso, et al., 2012) .
Chemometric analysis
The chemometric techniques, such as partial least squares (PLS), principal components analysis (PCA) and artificial neural networks (ANN), have been applied when a large amount of data generated by FTIR spectrometers has to be processed to estimate the soil properties. PLS and PCA are the most popular procedures for quantitative determination or to predict one or several soil components (D'Acqui, et al., 2010; Reeves, et al., 2009; Viscarra Rossel, et al., 2006) 
PCA and PLS serve two purposes in regression analysis. First, both techniques are used to convert a set of highly correlated variables to a set of independent variables by using linear transformations; second, both techniques are used for variable reduction. When a dependent variable for a regression is specified, the PLS technique is more efficient than the PCA for dimension reduction, due to the supervised nature of its algorithm. The Ratio of Performance to Deviation (RPD) is an important statistical parameter used to evaluate the calibration models. In agricultural application, RPD>3 was considered acceptable and RPD>5 excellent. However, there is no critical level of RPD for IR analysis in soil science, and acceptable values depend on the intended application of the predicted values. Three categories, based on RPD in the ranges >2, 1.4-2.0, and <1.4, were used to indicate decreasing reliability of predicting (Chang, et al., 2001) . Similar results of suitable limits for RPD were also described by Dunn, et al. (2002) and Pirie, et al. (2005) . Strong correlations were found between FTIR spectra and soil parameters: C/N ratio, C and N content, lignin, HA, soil organic carbon (SOC), inorganic carbon, metals, pH, and others. In the last few years, many papers have dealt with the applications of PCA and PLS to the quantitative determination of the above-mentioned parameters on different soil layers and litter, as well as on particulate OM and on OM different fractions (Bornemann, et al., 2010; Calderon, et al., 2011a; D'Acqui, et al., 2010; Fernandez-Getino, et al., 2013; Ludwig, et al., 2008; Tatzber, et al., 2010) . MIR spectroscopy predicted the C/N ratio well; the contents of C, N, and lignin, the production of dissolved OC, and the contents of carbonyl-C, aromatic C, O-alkyl -C, and alkyl-C were satisfactorily assessed. However, the N mineralization rate, and the alkyl-to-aromatic C ratio were predicted less satisfactorily (Ludwig, et al., 2008) .
Soil mineral identification
FTIR spectroscopy was used to identify primary (quartz, feldspars) and secondary (silicates, clays, aluminosilicates) soil minerals (Janik, et al., 2007a; Madejova, 2003; Nguyen, et al.,1991; Viscarra-Rossel, et al., 2006) . Table 1 reports the IR attributions and the integration limits used in some studies regarding the main bands of soil inorganic components. In particular the FTIR spectra of clay minerals made it possible to distinguish clay minerals from each other through the bands assigned to OH and Si-O groups (Bishop, et al., 2008; Madejova, 2003) . Clays or aluminosilicates show two sharp peaks at 3695 and 3622 cm -1 due to OH stretching (Janik, et al, 2007b; Madejova, 2003; Nguyen, et al., 1991) . A broad band near 3400 cm -1 is due to OH stretching (H bonded water); the position and intensity of this band is affected by various exchangeable cations. Its position decreases in the order K
, which is consistent with the increasing polarizing power (charge/radius) of the cation (Madejova, 2003) . Also the band located at around 1630 cm -1 is widely accepted to be due to water associated with the clay. Spectra of several montmorillonite, nontronite, hectorite, and saponite clay films heated to 300° C exhibited a band at approximately 1400 cm -1 for all the clays except nontronite (Grim, et al., 1961) . Vlaev, et al. (1989) specifically addressed the nature of absorption bands in the range 1640-1350 cm -1 for γ-Al 2 O 3 . On the basis of a chemisorption study, it was concluded that the band at 1640-1610 cm -1 was due to physically adsorbed water while the one at 1380 cm -1 was due to coordinatively bound water (Aochi, et al., 2011) . Weak bands at about 1980, 1870 and 1790 cm -1 are attributed to quartz overtone (Janik, et al., 2007b; Nguyen, et al., 1991) . In addition, clay mineral spectra show an intense complex band at around 1048 cm (Bishop, et al., 2008; Spence and Kelleher, 2012) . The band at 622 cm -1 is assigned to coupled Al-O and Si-O out-of-plane vibrations. The presence of quartz mixtures is confirmed by a sharp band at 798 cm -1 with a shoulder near 779 cm -1 (Madejova, 2003) . Carbonate is a key component influencing both chemical and physical soil properties; it has been accurately estimated by using FTIR spectroscopy (Bruckman, et al., 2013; Grinard, et al., 2012; Tatzber, et al., 2007 Tatzber, et al., , 2010 . Its spectrum is characterized by absorption bands near 3000-3700 cm -1 , due to hydrogen-bonded water and hydroxide ion; a weak band at around 2510 cm −1 , assigned to ν s (CO 3 2− ) + ν as (CO 3 2− ) combination band (Legodi, et al., 2001 ) and a strong band between 1430 and 1500 cm -1 , due to the CO 3 2− stretching vibration. At lower frequencies, the bands at around 712 cm -1 and 871 cm -1 result from in-plane and out-of-plane deformation vibrations of CO 3 2-, respectively. Demyan, et al. (2012) ; Nguyen, et al. (1991) ; Tatzber, et al. (2010) . because they are suitable for quantification purposes (Tatzber, et al., 2007) . In particular, the band at 2506 cm -1 has been considered highly selective and gives a good linearity for carbonate calibration.
Soil organic matter characterization
The term soil organic matter encompasses all organic fractions present in soil, including plant residues in different decomposition stages, biomasses, dissolved organic matter and humic substances (HS) (Stevenson, 1994) . Identification in SOM of specific mid-infrared peaks, which correspond to vibrations of certain functional groups such as carbohydrates, lignin, cellulose, fats and/or lipids and proteinaceous substances (Artz, et al., 2008) , makes FTIR spectroscopy suitable to study the structural features and dynamics of SOM from different environments. Table 2 lists the main IR attributions and the integration limits used in some studies regarding the bands of SOM and HS. Generally, SOM spectra are characterized by broad and overlapping bands, so one must use caution when interpreting these spectra. Bornemann, et al. (2010) summarized the literature for the structural assignments of several important bands of SOM: a broad band at about 3500-3300 cm -1 (OH stretch of different groups), a shoulder at around 3100-3040 cm -1 (NH 3 + stretch and C=CH stretch vibrations), peaks at around 2960 and 2870 cm -1 and 2930 and 2940 cm -1
(CH 3 and CH 2 stretch of aliphatic chains, respectively) (Haberhauer and Gerzabek, 1999; Janik, et al., 2007a) , a band at about 1720-1700 cm -1 (C=O stretch of carbonyl C) (Bardy, et al., 2008; Kaiser, et al., 2011; Sarkhot, et al., 2007) , an intense band around 1650-1600 cm -1 (amide I, C=C stretch vibration; asymmetric -COO − stretching) (Bardy, et al., 2008; Kaiser, et al., 2011; Verchot, et al., 2011) , a medium peak around 1560 cm -1 (amide II, aromatic rings, carboxyl C) (Janik, et al., 2007a) , a weak band at 1500-1510 cm -1 (aromatic C-H and C=C stretch); a weak peak around 1450-1370 cm -1 (CH 3 asymmetrical bending and CH 2 scissoring vibrations) (Haberhauer and Gerzabek, 1999; Verchot, et al., 2011) , a variable intensity peak at about 1230-1250 cm -1 (amide III, C-O stretch of aromatic rings and carboxylic acids), a strong peak between 1100-1030 cm -1 and a minor absorption peak at 820 cm -1 (C-O stretch of cellulose and other β-anomers and β-glycosides) (Calderon, et al., 2011b; Kaiser, et al., 2011) and 870 cm -1 (aromatic C-H and C=C stretch) can be observed. A variety of methods for FTIR peak analysis have been used to investigate short and long-term application of organic and mineral fertilizers on SOM composition, compared with unfertilized ones. For example , Capriel, et al. (1997) determined the hydrophobicity index of SOM by using the area of the aliphatic C-H infrared band in the 3000-2800 cm -1 spectral region divided by organic C. The results showed that long term agricultural management influenced the amount of aliphatic C-H groups and implicitly the SOM hydrophobicity. A decrease of organic C due to management was accompanied by a decrease of hydrophobicity. Spaccini, et al. (2001) found that the aliphatic bands in the 2920-2860 cm -1 region can be used to study mineralization rates of corn residues in soil. Artz, et al. (2006) used the 1600/1030 bands ratio (carboxylate/polysaccharide) as an index of decomposition in peat, suggesting that the band near 1630 cm -1 represents a relatively recalcitrant form of organic C, probably a combination of lignin and humic substances. Other authors (Ellerbrock, et al., 2005 (Ellerbrock, et al., , 2009 Matějková and Šimon, 2012) proposed measuring the ratio of absorption bands related to relatively hydrophobic (3000-2800 cm -1 ) and hydrophilic (1740-1698 and 1640-1600 cm -1 ) SOM functional groups. The hydrophobic/hydrophilic functional groups ratio was used to predict the wettability or hydrophobicity of soils (Ellerbrock, et al., 2005) . Grube, et al. (2006) , used some band intensity ratios (2925/1034 cm -1 , 1384/2925 and 1034/1384) to follow SOM changes in composts over a short term (40 days). Artz, et al. (2008); Barie, et al. (2012); Bornemann, et al. (2010) ; Du and Zhou (2009); Ferrari, et al. (2011); Tatzber, et al. (2010); Vergnoux, et al. (2011) .
In another approach, a relative peak area has been used to study longer-term changes in HAs from soils under bare fallow over 36 years (Tatzber, et al., 2009) , and also in bulk soils from a 140-year proglacial chronosequence (Egli, et al., 2010) , which reflected changes in SOM quality as measured by independent methods. Demyan, et al. (2012) , used the peak areas at 2930, 1620, 1530 and 1159 cm -1 selected in the typical range of organic functional groups. The peaks of SOM were proposed on the basis of the strength of the chemical bonds of the functional groups, such as aliphatic C-H being less stable than aromatic C=C bonds. All relative peak areas were significantly affected by fertilizer treatment, with a relative increase of the peak area at 2930 cm -1 in farmyard manure (FYM) compared with non-FYM treatments. The ratio of the relative peak areas at 1620 and 2930 cm -1 was shown to be a useful indicator of changes in stable and labile C in bulk soil samples; therefore, it can be taken as an indicator of SOM stability.
Humic substances characterization
Humic substances (HS) are natural organic components which are widely distributed in soils, river sediments and brown coals (Senesi and Loffedro, 2001; Stevenson, 1994) . The variety of chemical and biological reactions involved in their genesis make HS very complex. Based on their solubility in aqueous solution, HS are operationally divided into three different fractions: (i) humic acid (HA), the fraction soluble at alkaline pH values; (ii) fulvic acid (FA), the fraction soluble at all pH values; and (iii) humin, the fraction insoluble at all pH values (Swift, 1996) . The newest concept attributed to HS is an association of molecular structures (100-2000 Da) with macromolecular characteristics resulting from aggregates formed by hydrogen bonding, nonpolar interactions, and polyvalent cation interactions (Piccolo, et al., 2002; Simpson et al., 2002) . FTIR spectroscopy has been extensively used in the study of the composition, structure and functionalities of HS isolated from different ecosystems (Aguiar, et al., 2013; Baigorri, et al., 2009; D'Orazio and Senesi, 2009; Du and Zhou, 2009; Ferrari, et al., 2011; Francioso, et al., 2009; Senesi, et al., 2003; Stevenson, 1994; Tatzber, et al., 2008; Zhang, et al., 2011) . Typical IR absorption of HS shows: a broad band at 3100-3600 cm -1 (H-bonded OH and NH groups), a slight shoulder at 3000-3100 cm -1 (aromatic C-H stretching), a band at 2800-3000 cm -1 (aliphatic C-H stretching), a broad band at 2600 cm -1 (hydrogen-bonded OH stretching of carboxyl and phenolic OH), a shoulder or a peak at 1725-1710 cm -1 (C=O stretching of COOH and ketones), a strong band at 1660-1630 cm -1 (C=O stretching of amide I, quinone and ketones), a band at 1630-1600 cm -1 (aromatic C=C stretching, -COO -asymmetric stretching), an absorption at 1540-1510 cm -1 (amide II, aromatic C=C stretching), a peak or a shoulder at 1490-1440 cm -1 (CH deformation of CH 2 and CH 3 , -COO -symmetric stretching), a band at 1450-1380 cm -1 (aliphatic CH deformation, -COO -symmetric stretching, OH deformation), a band at 1300-1200 cm -1 (C-O stretching of phenols and ethers, C-OH deformation) and a band at 1170-1030 cm -1 (C-O stretching of polysaccharide, C-O-C stretching in ethers, C-O of polyalcohol). A major difference between FA and HA consists in a different content in functional groups and molecular weight size (Figure 4) . FA are composed of molecules with low molecular-weight ranges with a higher number of functional groups, e.g. R-COOH and R-OH (Lumsdon and Fraser, 2005) . On a mass basis, HA is less charged than FA, but HA shows more poliaromatic structure (Lumsdon and Fraser, 2005; Senesi and Loffedro, 2001) . Some studies applied the FTIR spectroscopy to characterize functional groups (D'Orazio and Senesi, 2009; Francioso, et al., 2002) and biological properties of different HA molecular weight fractions. The distribution of functional groups is also ascribable to the plant species and age, and the partial incorporation into rhizosphere HA of typical root exudates (D'Orazio and Senesi, 2009) . Because of their variety of functional groups, humic substances are important reaction partners of metal ions for complexation and redox reaction (Stevenson, 1994) . The major functional groups of HA and FA, which can interact with metal ions to form complexes with different stability and properties, are O-containing groups (carboxylic, phenolic, alcoholic, hydroxyl groups). Results obtained by IR spectra have shown that carboxyl groups are the most important functional groups in HS, accounting for the majority of their charge, acidity, and metal and particle surface binding characteristics (Senesi and Loffedro, 2001; Stevenson, 1994) . In HA spectra the carboxylate bands appear at 1624-1633 cm , respectively, depending on pH. A number of studies have demonstrated that when carboxylic acids and their salts form complexes with metals, frequency shifting and changes in the shape of the stretching bands of -COO -group occur (Nakamoto, 1997) . The stability constant (log K) for different metal-HA complexes is indicated in the following order of stability: Cu>Fe>Pb>Ni>Co>Ca> Cd>Zn>Mn>Mg (Pandey, et al., 2000) . From the frequency shift, ∆ν=(ν as -ν s ), it is possible to identify the carboxylate-metal coordination mode by comparison with the corresponding salt (Nakamoto, 1997) . Regarding Al-HA complexes, the results indicated that the metal complexation generated unidentate (pH 6) and bidentate-bridging (pH 4 and 8) interactions with the carboxylate group. The process of fixation of PO 4 did not induce remarkable changes in the complexation mode. In the case of Fe-HA complexes, the metal complexation was similar to that of Al-HA complexes at pH 8. At pH 6, however, the complexation mode was bidentate-bridging, and at pH 4 it was bidentate. In this case, however, PO 4 fixation induced a clear reduction in ∆ν at all pH values. Sharma, et al. (2010) detected the HS complex formation with As and Fe, using FTIR. Several distinct peaks at 2916, 1584 and 856 cm -1 were observed in comparison with the standard complexes of As, HS and Fe. The peak at 856 cm -1 in the spectrum obtained for the As-Fe-HS complex was probably due to the asymmetric (As-O-Fe) vibration caused by As(V) binding to Fe-HS, suggesting that HS was also involved in the binding of As(V) to Fe. In the As-Fe-HS complex, the peak at 856 cm -1 was stronger than in the Fe-HS complex. This signal probably corresponds to the As-O stretching vibration, suggesting that the 856 cm -1 peak involved not only Fe-O vibrations but also the symmetric (As-O-Fe) vibration (Jing, et al., 2003; Reza, et al., 2012) , and Al 3+ can favour the ternary complexes formation of As with other metal-HS complexes, as has been shown in previous studies (Bauer and Blodau, 2009; Wang and Mulligan, 2009 ). Alternately, As can bind to HS via the presence of carbonyl, phenol hydroxy, hydroxyl, methoxyl groups, and other functional groups on the benzene rings and the aliphatic side chains. Jerzykiewicz (2013) studied the formation of HA and humin complexes with Hg(II). The FTIR spectra showed that the bands assigned to the stretching vibrations of C=O in the carboxylic groups (1720 cm -1 ) and to the carboxylates (1650 cm -1 ) reduced their intensity and were shifted 50-150 cm -1 toward lower wavenumbers, indicating the involvement of these groups in the coordination with Hg(II). Intensity modifications were also observed for bands at lower wave numbers: 1230-1260 cm -1 for HA and 1030-910 cm -1 for humin treated with Hg(II) ions. The latter band can be attributed to the stretching of C-O in the C-O-H groups, although closer structure assignments were difficult due to the mixing of different vibrational modes (Mohamed-Ziegler and Billes, 2002) and to the broadness of the bands.
Charred organic matter characterization
Forest fires are known to have an important impact on SOM dynamics, because a significant loss of organic matter may occur during burning. Depending on fire severity, the effects on the OM consist in slight distillation, charring, or complete oxidation. The fire effects, both in situ and in laboratory, led to an enrichment in aromaticity and a decrease in O-containing functional groups Knicker, et al., 2005; Nocentini, et al., 2010; Vergnoux, et al., 2011) . Although the identification of charcoal in soil is difficult, there is now evidence for the presence of charred material in soils thought FTIR spectroscopy Nocentini, et al., 2010; Vergnoux, et al., 2011) . FTIR spectra of charcoal in soil are dominated by a broad band between 3800 and 3000 cm -1 (O-H and/or N-H vibrational modes) with two shoulders at 2933 and 2850 cm -1 (C-H stretching, in alkyl groups such as CH 3 and CH 2 groups), as described in El-Hendawy (2006) . Usually, also the band at 1715 cm -1 appears as a shoulder (CO stretching in COOH groups bound to aromatic rings, Nocentini et al. (2010) ). Cheng, et al. (2006) , used the peak heights ratio for carboxylic-to-aromatic C absorptions (1700 versus 1600 cm -1 ) to investigate the oxidation of black carbon in soil. These authors found that the formation of carboxylic functional groups took place more in abiotic than in biotic environments. This was the reason for the enhanced CEC during oxidation in abiotic processes. Moreover, the strong bands at about 1600 and 1450 cm -1 (C=C or C=N stretching of polyaromatic rings) may be due to rearrangement and cyclization reactions of SOM at high temperatures (ElHendawy, 2006) . In charcoal, the bands between 1100 and 500 cm -1 are prevalently attributed to mineral compounds (Madejová, 2003) . In addition, some charcoals are characterized by the presence of a weak band at ca. 2220 cm -1 , which was assigned to CN stretching vibration of iso-cyanate, nitrile and cyanamide groups (Francioso, et al., 2009; Francioso, et al., 2011; Nocentini, et al., 2010) .
Conclusions
A number of studies have proved that MIR spectroscopy is a powerful tool for analysis of a large number of soil samples. In general, several qualitative features can be obtained from a single soil spectrum analysis: i) identification of functional groups, e.g. carbohydrates, lignin, cellulose, fats and proteinaceous substances; ii) identification of primary (quartz, feldspars) and secondary (silicates, clays, aluminosilicates) soil minerals. Mathematical spectra processing, e.g. second derivative or spectral subtraction give important information on not visible bands in the original spectrum. Moreover, the PCA and PLS provide additional support for the quantitative determination of several features or properties of a large number of soil samples. The creation of a MIR spectral library of soils is the most pressing issue to convert this technology into routine analyses.
